The paper presents a water balance of a flow-through, dammed lake, consisted of the following terms: surface inflow, underground inflow/outflow based on the Dupuit's equation, precipitation on the lake surface, evaporation from water surface and outflow from the lake at which a damming weir is located. The balance equation was implemented Matlab-Simulink®. Applicability of the model was assessed on the example of the Sławianowskie Lake of surface area 276 ha and mean depth -6.6 m, Water balances, performed for month time intervals in the hydrological year 2009, showed good agreement for the first three months only. It is concluded that the balancing time interval should be shorter (1 day) to minimize the errors. For calibration purposes, measurements of ground water levels in the vicinity of the lake are also recommended.
INTRODUCTION
Poland is one of countries of scarce water resources, thus any form of water storage is appreciated. One of the cheapest forms of storage is damming lakes, but it should be done carefully to avoid environmental losses and inundations. Recent assessment has shown that 60% of Polish lakes is in unsatisfactory ecological state. The problem is that damming is a form of morphological deterioration (breakdown of free fish passage), but on the other hand it helps to keep a better lake water quality thanks to a lower water temperature during where: h -water depth in the lake, measured from the mean bottom level, and H -groundwater (water table) depth, calculated as:
where: d -a successive day of the year. This model of underground flow seems to be physically unjustified and the calibration procedure using it is rather complex and time-consuming. The purpose of this paper is to elaborate a simplified model of lake water balance embracing underground inflow and outflow, described by the Dupuit's equation, and to discuss its applicability for prediction of storage in dammed lakes. 
MODEL FORMULATION

Lake water balance equation
One of the most important tools applied for a dammed lake water management is the lake water balance with time interval: 1 month, 1 decade or 1 day, depending on variability of the meteorological and hydrological conditions. For a dammed lake without ice cover its daily water balance in the j-th day can be expressed as:
where: ∆ h j -water level (storage) change in ∆ t = 1 d, mm, P j -precipitation on the lake surface, mm d Below all elements of the above presented water balance are shortly described.
Precipitation on the lake surface
Precipitation should be measured closely to the lake as well as in its catchment. Long-term balances (with decade's or month's time intervals) can be based on records taken from remote (up to 30-50 km) stations. Heavy rains, accompanying summer storms, are local phenomena and due to their large spatial variability they can not be accurately estimated using records form such stations. Snow melting is rather hard to forecast but it may change significantly the lake water balance during winter and early spring months.
Evaporation from the lake surface
There are several methods of evaporation estimation. One of the simplest and most popular is the Penman method [1, 2] . The rate of evaporation from the lake surface according to Penman [1, 11] e -mean monthly partial pressure of water vapor in the free air stream at 2,0 m over the lake surface, hPa, RH -relative humidity of the air above the lake surface, %, WS 2 -wind speed at 2,0 m over the lake surface, m s -1 , T -average monthly air temperature, o C, n -number of days in a month.
Knowing the last three variables (RH, WS 2 and T) recorded by majority of meteorological stations, one can easily solve the Eqs. (2.4), (2.3) and (2.2).
There is also a methodology of estimation of lake evaporation from the lake energy balance, but it is not covered by our paper. The lake cover of vegetation and ice cover were ignored in this preliminary analysis.
Stream inflow/outflow and diffuse runoff
Surface inflow from the direct lake catchment is called a diffuse runoff. It depends on soils, their infiltration properties, slopes, cover roughness etc. It can be estimated roughly using computer codes like Stormwater Management Model [13] , but in our analysis it was included into underground inflow. Stream inflows can be measured and/or estimated using a precipitation/runoff model. Stream outflows can also be measured directly or indirectly, e.g. using drop structures. For a typical weir with a sluice-gate the following formula can be applied:
Q -mean flow discharge during the time interval, dm 3 s -1 , A(h) -lake water surface area, m 2 , C -constant, dependent on discharge coefficient, acceleration due to gravity and weir width, m 1.5 d -1 , z -sluice gate opening height, m, adifference between the weir invert level and the mean lake bottom level, m. For weirs with a spillway the flow discharge is proportional to the height of head of water over the crest (h -y) powered to 1.5, where y is the crest level elevation above the mean lake bottom level, m. The total monthly inflow and outflow was calculated as the sum of daily inflows or outflows.
Underground inflow/outflow
Underground feeding is in many cases very important, but it is hard to model due to a complex lithological structure of the aquifers surrounding a given lake.
It is usually calculated from a water balance equation, knowing lake water levels [10] , thus that method can not be used for storage prediction.
In the simplest case of uniformly distributed permeable soils, it is hypothesized that to calculate the unit discharge of the underground inflow, the Dupuit's formula can be applied in the form:
Therefore, taking into account the whole lake perimeter (bank line) one can write:
where: k -unknown parameter (averaged hydraulic conductivity), m·d 
MODEL CALIBRATION
Applicability of the model was assessed on the example of the Sławianowskie Lake (Krajeńskie Lake District -see Fig. 1 ). This lake has been an object of detailed investigations by the Poznan department of the Institute of Meteorology and Water Management since the year 2007. Surface area of the lake is 276 ha, mean depth -6.6 m, the maximum depth -15.0 m and the length of bank line L B = 21625 m [5]. The lake was divided in two basins (segments): the shallower one with a mean depth of 5.0 m consisted of three parts (bays) and a deeper one, in the central part of the lake, with a mean depth of 7.7 m. Several ditches and small river Kocunia are inflowing to the lake. There are gauge stations at the inlet (village Wiktorówko) and at the outlet (village Buntowo), where water levels (every day) and flows (temporarily) are measured. The lake catchment area, i.e. the inflowing river catchment, is 104 km 2 . Precipitation data have been gathered from the closest meteorological stations in Krajenka and Wysoka. Data on relative air humidity, air temperatures as well as wind speed to calculate evaporation were taken from the station in Piła. The values calculated from Eq. (2.2) have occurred to low, therefore they were increased by 50% to cope with the measurements made in the IMGW evaporation station in Piła. The water balance was analyzed for the whole lake with a mean depth and for the above mentioned two basins with their mean depths. Due to small slopes of the surrounding valley and good infiltration conditions its diffuse runoff was included in the underground inflow. Water balances were performed for month time intervals in the hydrological year 2009. As a goodness-of-fit criterion an absolute error of water depth in the lake at the end of each month was applied and a mean yearly absolute error was adopted in the form:
where: ∆ h c -calculated (simulated) water depth, ∆ h m -measured water depth. The basic parameter, tuned during model calibration, was the averaged hydraulic conductivity k in Eq. (2.6). Due to the lack of information on piezometric heads of ground water surrounding the lake, the H values for successive months were taken as the yearly mean water depths (measured from the mean lake bottom level) and -in an alternative approach -the depths at the end of the previous month with an initial value for the first month (November) H = 5.0 m and 7.7 m denotations used in the formulae should be explained.
PRELIMINARY RESULTS AND DISCUSSION
Simulations were carried out for constant lake surface area A = 276 ha consisted of the two above mentioned parts: the shallower one of area A 1 = 112.7 ha and the deeper one of area A 2 = 163.3 ha. The lengths of the bank line boundaries were taken as L B1 = 9920 m and L B2 = 11705 m, respectively. The distance between bank line and the point of measuring H along a transect was taken arbitrary as L =150 m.
Results of calculations for groundwater heads H equal to the lake water depths h at the end of the previous month, are shown in Table 1 . Taking into account the clogging layer of sediments the value of the calibrated parameter (averaged hydraulic conductivity) k = 445 m·d -1 has occurred relatively high, but one should remember that it reflects also the impact of diffuse runoff on the underground inflow. As can be concluded from an analysis of data in Tab. 1, the storage prediction accuracy is equal or less than 14 cm·month -1 (on average ±6 cm·month -1 , but during the whole year 2009 as high as 31-39 cm·year -1 ), what can be acceptable for some practical purposes, but generally it is still unsatisfactory. The maximum errors have occurred in February and April, which may be connected with snow accumulation and melting. Anyhow, further studies are needed to improve the model.
CONCLUSIONS
Non-linear interrelations between water balance elements and lake water depth create errors in calculating their values using long time intervals, thus the balancing time interval should be as short as possible (1 day) and the segments of the lake as uniform as reasonable to minimize the errors. The Penman formula (2.2), even without reduction factor suggested later by the author, has underestimated evaporation from the Sławianowskie Lake, most probably due to omitting evapotranspiration by plants. To estimate properly groundwater inflow/outflow to/from a lake, periodic field measurements of piezometric heads in piezometers or wells located around the lake are indispensable.
